Amino acid sequencee of 2 giant non-structural polyproteins (Fl and F2) of infectious bronchitis virus (IBV), a aeiber of Coronaviridae, were conpared, by computer-aaaiated methods, to sequences of a number of other positive strand RNA viral and cellular proteins. By this approach, juxtaposed putative RNA-dependent RNA polymerase, nucleic acid binding <"finger"-like) and RNA helicase domains were identified in F2. Together, these domains might constitute the core of the protein complex involved in the primer-dependent transcription, replication and recombination of coronaviruses. In Fl, two cysteine protease-like domains and a growth factor-like one were revealed. One of the putative proteases of IBV is similar to 3C proteases of picornoviruaea and related enzymes of co»o-, nepo-and potyviruses. Search of IBV Fl and F2 sequences for sites similar to those cleaved by the latter proteases and lntercomparison of the surrounding sequence stretches revealed 13 dipeptides O/S(G> which are probably cleaved by the coronavirus 3C-like protease. Based on these observations, a partial tentative schene for the functional organization and expression strategy of the non-structural polyproteins of IBV was proposed. It implies that, despite the general similarity to other positive strand RNA viruses, and particularly to potyviruaes, coronaviruses possess a number of unique structural and functional features.
INTRODUCTION
Coronaviruses are enveloped positive strand RNA viruses having by far the largest genome in this virus class (1-3).
suggested that the two ORFs are expressed as a single giant polyprotein, via riboeone frame-shifting (4). Subsequently, experimental evidence has been obtained corroborating this hypothesis (5) .
Functional organization of the F1-F2 polyprotein of IBV renamed, until very recently, completely obscure. Only a short region of F2 has been shown to possess a considerable similarity to non-structural proteins of alphaviruses and certain plant viruses (4) . We demonstrated that this segment in fact comprised a part of a domain containing an NTP-binding sequence notif and belonging to a vast auperfamily of positive strand RNA viral proteins in which this motif is the most conserved sequence (6). Moreover, it has been shown that one of the three protein families constituting this superfamily, the IBV domain included, possessed highly significant sequence similarity to DNA helicases (7-9). We suggested that proteins of this family could be RNA helicasea involved in duplex unwinding during viral RNA replication <7,8). Encouraged by these observations, we performed a systematic search of the sequences of the large non-structural polypeptidee of IBV for sequence stretches similar to highly conserved proteins of positive strand RNA viruses and to certain cellular proteins. Here we report the results of this study and discuss implications for functional organization and expression strategy of IBV genome.
METHODS ftmlno acid sequence comparisons
Amino acid sequences were from current literature; for abbreviations and references see legends to figures. Comparisons were done by programs MULDI (MULtiple DIagon) and OPTAL <OPTimal ALignment). Program MULDI is a modification of standard DIAGON <1O> designed to reveal highly conserved segments in amino acid sequences. Groups of aligned ammo acid sequences are compared in a diagonal plot, utilizing the MDM78 amino acid residue comparison matrix <1O). What results, may be considered a superposition of several pairwise local similarity maps in which only streaks corresponding to highly conserved segments are filtered out. MULDI la principally similar to the program recently described by Argos <11). Program OPTAL (6, 12), based on the original algorithm of Sankoff (13>, performs etepwiae optimal alignment of multiple amino acid sequences and its statistical assessment by a Monte Carlo procedure. Adjusted alignment score is calculated in standard deviation (SD) units: AS = So-Sr/Q" where S o is the score obtained for a given comparison utilizing MDM78 scoring matrix, S r is the mean score obtained upon intercompariaon of 25 randomly jumbled sequences (or sequence sets) identical to the real ones in amino acid composition, and (^ is the standard deviation. The programs were written in FORTRAH77 and run on a ES-1O6O computer. The statistical significance of manual alignments was assessed by program SCORE. Average per residue score was computed for a query sequence versus a group of aligned sequences and AS was calculated by the above equation using 3OO randomly scrambled versions of the query sequence CE.V.K. et al. in preparation). The probabilltiy of chance similarity between two sequences aligned without gape ('double Hatching probability') was calculated using the algorithm of HcLachlan
RESULTS AND DISCUSSION

Approach
As the first step to identification of functional domains in coronavirus polyproteins, it was natural to try to find coronaviral counterparts of the most highly conserved proteins of positive strand RNA viruses. Such proteins are, in the order of decreasing conservation: i) RNA-dependent RNA polyneraees present in all viruses of this class and always having a einllar central segment (15,16); ii> NTP-binding motif-containing proteins involved in RNA replication some of which are similar to helicaaes; proteins of this type were identified in all eukaryotic positive strand RNA viruses whose genome lengths exceed 6.3 kb [(6-9) and manuscript in preparation]; iii) 3C proteases of picornaviruses and similar enzymes revealed in coao-, nepo-and potyviruses (17-23). Clearly, at least for the first and the second groups of enzymes, the case for existence of coronaviral honologs seemed quite strong.
Alignments of conserved fragments of these three groups of viral proteins were used as probes to screen sequences of F\ and F2 polypeptides of IBV by program MULDI. Segments of these proteins best matching the probes were fitted into respective alignments by program OPTAL (or visually) and the significance of the observed similarity was correspondingly assessed. Additional search by the same procedure was made for segments of coronaviral proteins similar to different classes of cellular proteases and to certain other sequence motifs conserved in cellular proteins. Identification of the putative helicase was described previously (see Introduction); other results are presented below. RNA-dependent RNA polvmerase In F2 polypeptide two segments similar to the two most conserved sequence blocks of (putative) positive strand RNA viral RNA polymerases were detected. Inspection of the neighboring regions of F2 revealed also putative counterparts of other conserved stretches of polymerases. As can be seen in the resulting alignment (Fig.l) 
3C-llke protease
In Fl polypepto.de, sequence stretches similar to all three conserved segments of 3C-like proteases C19) were detected. Alignment of a 188 residue piece of Fl with 14 viral proteases proved to be significant at the 5.7 SD level. Notably, His, Asp(Glu) and Cys residues conserved in 3C-like proteases and thought to constitute their catalytic triad (19) were identified also in the coronavirus sequence (Fig.2) . The putative coronavirus protease contains one replacement of a residue invariant in other 3C-like proteases. This is the substitution of Tyr for Gly in the sequence GXH in the vicinity of the proposed catalytic Cya residue (Fig.2) . It ia notable that, just like the replacement in the~putative polyneraee (Fig.3) .is significant at approx. 5 SD level. The two Host prominent regions of similarity <N-and C-terminal) include segments of the bacterial protease around the catalytic Cys and His residues. Corresponding residues could be identified in IBV , emphasizing the possibility that this segment of Fl could be an authentic protease. Cvsteine-rlch segments An interesting feature of Fl and F2 polypeptides is the presence of several segments with anomalously high content of Cys residues. One of these segments resides in the C-terminal part of Fl. It was shown to be significantly similar to the receptor-binding site of »urine epidermal growth factor (probability of fortuitous similarity approx. 1O~1 O >. Recently EGF-like domains have been divided into three groups differing in cystein residues arrangement and the lengths of spacer segments (25) . While bearing the most significant similarity to group 1 domains (EGF, uPA etc.), the IBV domain contains counterparts to only 4 of 6 Cys residues (residues 2-5 in Fig.4> which are highly conserved within this group and are thought to form three disulfide bonds. On the other hand, one of the additional Cys residues present in the IBV sequence could be aligned with Cys 1 of the group 3 domains (LDL R and some other) to which the IBV domain is also considerably similar (Fig.4) . Cys 6, however, is absent from this domain. It may be speculated that disulfide bonding night occur between Cys 5 and some more distant Cys residue; several such residues are available in Fl to the N-side of the EGF-like domain. Thus, IBV appears to possess a novel type of EGF-like domain.
Another cysteine-rich segnent lies in F2, between the putative RNA polymerase and the RHA hellcase. This 3O residue stretch contains 9 Cys and 4 His residues, conforming to the formula of the so called "finger" Zn 2 *-binding motif (C-X2-4-C-X2-15~a-X2-4~a where a is C or H, and X is any amino acid residue) characteristic of numerous DNA-and RNA-binding proteins (26) (27) (28) . It is potentially capable of forming three "fingers" supported by Cys and His residues which might tetrshedrally coordinate Zn 2 * cations (Fig.S), suggesting classification as a class I (i.e. residues can be derived (26-28}, and the putative finger domain of IBV does not appear to bear significant sequence similarity to any particular finger domain of other proteins. Specifically, it does not contain a more strict consensus typical of classical TFIIIA-like fingers <29), although two of the residues thought to be important for proper folding of the latter are present (highlighted in Fig.5> . Nevertheless, the conservation of the typical "polarity" of finger domains, with the N-terminal pair of consensus residues represented by Cy&2, and the C-terminal pair by any possible combination of Cys and His, in all the three coronavirus fingers is notable. Also of interest is the similarity between short sequence stretches adjacent to some of the candidate metal-binding residues (Fig.5) . Moreover, two of these stretches flanking the Cy'e residues from the N-side strikingly resembled respective sequences in the finger domains of yeast transcription activator ADR1 (3O; data not shown). Thus, whereas the finger-like structures of IBV may not be close structural analogs of TFIIIA-like fingers (cf.29>, it seems likely that they constitute an authentic metal-binding and nucleic acid-binding domain.
multi-finger) domain (28). No general consensus for finger domains beyond the (putative) metal-binding Cys and His
Putative cleavage Bites
We have tentatively identified two protease domains in Fl polypeptide of IBV. Of these, the cleavage specificities of 3C-like proteases have been studied in considerable detail (for reviews see Refe. 31,32). They primarily cleave at dipeptides Q,E/G,S,A. Cleavage occurs selectively and, unfortunately, the requirements for a site to be utilized are not fully understood, probably differing considerably in different viruses. Nevertheless, in potyviruses a clear consensus (though  unique for each virus) for the sequences flanking the cleavage  sites has been derived (20,33) . This encouraged comparison of the sequence stretches centering at Q/S,G dipeptidea in the polyproteins of IBV. At the first step, we compared those sites which could flank the putative protease, polymerase and helicase domains. We observed that the distances between highly conserved sequence stretches and protein termini vary to a rather limited extent in most enzymes of each class (Figs.1,2  and data not shown) . Thus, three Q/S and one Q/G site were identified in the respective regions of the IBV polyproteins, 1. e. sites 3, 4, 10 and 11 in Fig.6 . Sites 3 and 4 flank the putative protease, and sites 10 and 11 the putative helicase, site 10 being also the probable C-terminus of the polymerase; the site flanking the polymerase from the N-side was less easily determined (see below). Sequences around these 4 sites bear considerable similarity to each other. Especially pronounced is the similarity between consecutive sites delineating each domain. It could be calculated that the probability of the similarity between sites 3 and 4 being fortuitous wae about 1O~&» and for cites 10 and 11 about 1O~S, it could be shown that the similarity within these two pairs was most prominent among all sequence stretches surrounding Q/G,S dipeptides in Fl and F2.
Based on these observations, we further compared sequences flanking all the 0/S,G dipeptides contained in the Fl and F2 polyproteins to those surrounding the 4 tentatively identified cleavage sites (Fig. 6) . Thus, 9 additional putative cleavage sites bearing some resemblance to the first 4 were identified (Fig. 6) potyviruses (34,35) , the C-flanking sequences of the putative coronavirus cleavage •it«8 are also somewhat siailar to each other <Fig. 6) and, by implication, might be important for processing. .l and refs. 16,22) . Still, site 9 separating the EGF-like sequence from the putative polymerase and bearing some resemblance to site 1O (Fig. 6> is the most plausible candidate. What is unusual in the organization of the putative complex of replication proteins of IBV, is the mutual orientation of the polymeraae and helicase domains which is conversed as compared to that observed in other positive strand RNA viruses <6>. An interesting possibility is that this array could arise as a result of a recombinational event, high frequency of recombination being a salient feature of coronavirus reproduction (1-3). Another unique feature of coronaviruees is the presence of the "finger" domain which, provided the cleavage sites are determined correctly, may be the N-terminal part of the helicase ( In the N-terminal portion of the polyprotein, the only domain for which a function could be proposed is the putative 2nd thiol protease. Possibly, it nay control processing of this region whose pathway as well as functions of the products remain obscure. A possible exception is a 440 residue domain at the very N-terninus of Fl flanked by one of the putative cleavage sites of the 3C-like protease (Fig. 7) . Some sequence similarity has been detected between a portion of this region and the replication initiation protein of the R6K plasmid (4, 38). In the absence of any data about functional sites of the latter, it is, however, difficult to assess the significance of this observation.
Generally, the identification, in IBV, of putative homologe of three conserved domains of positive strand RNA viruses suggests an evolutionary relationship between coronaviruses and other groups of this class. On the other hand, the unique biochemistry of coronaviruses seems to be reflected in the unusual arrangement of these domains, and in the presence of additional specific ones.
CONCLUDING REMARKS
The findings reported here way prove inportant in several dimensions. First, and most obvious, one may hope that the predictions made night canalyze studies directed on experimental dissection o£ coronavirus non-structural polyprotein(a). Second, the putative polynerase, helicase and 3C-like protease of IBV, while related to the similar enzymes of other positive strand RNA viruses at a statistically significant level, loosened the respective consensus patterns, thus providing a new groundwork for probing newly sequenced viral genomes. Finally, the general approach utilized also ' night be helpful in analysis of other genomes.
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